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1
LIDAR REFLECTIVE FABRIC

TECHNICAL FIELD

The present specification generally relates to particles that >
reflect near-IR electromagnetic radiation and, more specifi-
cally, to copper oxide particles integrated with textile mate-
rials that reflect near-IR electromagnetic radiation.

BACKGROUND 10

Light detecting and ranging (LiDAR) systems using
pulsed laser electromagnetic radiation with a wavelength of
905 nanometers (nm) or 1050 nm, both of which are 1n the
near infrared (“near-IR”) portion of the electromagnetic
spectrum, have been proposed and tested for autonomous
vehicle obstacle detection and avoidance systems. Although
reflection of near-IR electromagnetic radiation aids in the
use of LiDAR, dark colored (e.g., black) 1tems, such as ,,
tabrics, absorb not only visible electromagnetic radiation to
provide the dark color, but also absorb near-IR electromag-
netic radiation with a wavelength of greater than about 750
nanometers. As such, LiDAR-based obstacle detection and
avoildance systems may perform unsatisfactorily as to dark 25
colored 1tems.

15

SUMMARY

Accordingly, a need exists for alternative dark colored 30
items that absorb electromagnetic radiation within the vis-
ible spectrum, but that reflect near-IR electromagnetic radia-
tion with wavelengths around 905 nm or 1050 nm.

A first aspect includes a composite material comprising: a
black pigment; and a textile material, wherein the composite
material has a reflectivity toward near inirared electromag-
netic radiation having a wavelength from 800 nm to 2500
nm of greater than or equal to 12%, the composite material
has a retlectivity toward visible light having a wavelength
from 350 nm to 750 nm of less than or equal to 10%, and the
composite material has a blackness (M,)) from 125 to 165.

A second aspect includes a composite material of the first
aspect, wherein the black pigment comprises a compound
selected from the group consisting of CuO, TiO,, and a 44
combination of two or more thereof.

A third aspect includes a composite material of any one of
the first or second aspect, wherein the composite material
has a reflectivity toward visible light having a wavelength
from 350 nm to 750 nm of less than or equal to 5%. 50

A fourth aspect includes a composite material of any one
of the first to thuird aspects, wherein the composite material
has a reflectivity toward visible light having a wavelength
from 350 nm to 750 nm of less than or equal to 1%.

A fifth aspect includes a composite material of any one of 55
the first to fourth aspects, wherein the composite material
has a reflectivity toward near infrared electromagnetic radia-
tion having a wavelength from 800 nm to 2500 nm of greater
than or equal to 15%.

A sixth aspect includes a composite material of any one of 60
the first to fifth aspects, wherein the composite material has
a reflectivity toward near inirared electromagnetic radiation
having a wavelength from 800 nm to 2500 nm of greater
than or equal to 20%.

A seventh aspect includes a composite material of any one 65
of the first to sixth aspects, wherein the composite material

has a blackness (M,) trom 130 to 165.

35

40

2

An eighth aspect includes a composite material of any one
of the first to seventh aspects, wherein the black pigment 1s
CuO having an average particle size of less than or equal to
S microns.

A ninth aspect includes a composite material of any one
of the first to eighth aspects, wherein the textile matenal 1s
a synthetic polymeric composition.

A tenth aspect includes a composite material of any one
of the first to ninth aspects, wherein the textile material 1s
selected from the group consisting of polyamide, polyacry-
lonitrile, polyethylene terephthalate (PET), polybutyrate,
polyurethane, nylon, polyester, and a combination of two or
more thereol.

An eleventh aspect includes a composite material of any
one of the first to tenth aspects, wherein the composite
material has a color with a lightness 1n CIELAB color space
L* less than or equal to 40.

A twellth aspect includes a composite material of any one
of the first to eleventh aspects, wherein the composite
material has a color with a lightness 1n CIELAB color space
L* less than or equal to 10.

A thirteenth aspect includes a composite material of any
one of the first to twellth aspects, wherein the composite
material has a color with a lightness 1n CIELAB color space
L* less than or equal to 1.

A Tourteenth aspect includes a composite material com-
prising: CuQ; and a textile matenal, wherein the CuO has an
average particle size less than or equal to 5 microns the
composite material has a color with a lightness in CIELAB
color space L* less than or equal to 40.

A fifteenth aspect includes the composite material of the
fourteenth aspect wherein the textile matenial 1s selected
from the group consisting of polyamide, polyacrylonitrile,
polyethylene terephthalate (PET), polybutyrate, polyure-
thane, nylon, polyester, and a combination of two or more
thereof.

A sixteenth aspect includes the composite material of any
one of the fourteenth or fifteenth aspects, wherein the
composite material has a color with a lightness in CIELAB
color space L* less than or equal to 10.

A seventeenth aspect includes a composite material of any
one of the fourteenth to sixteenth aspects, wherein the
composite material has a reflectivity toward near infrared
clectromagnetic radiation having a wavelength from 800 nm
to 2500 nm of greater than or equal to 12%.

An eighteenth aspect includes a composite material of any
one of the fourteenth to seventeenth aspects, wherein the

composite material has a reflectivity toward visible light
having a wavelength from 3350 nm to 750 nm of less than or
equal to 10%.

A nineteenth aspect includes a composite material of any
one of the fourteenth to eighteenth aspects, wherein the
composite material has a blackness (M,,) from 125 to 165.

A twentieth includes a method for making a black pig-
ment-doped textile material, the method comprising: com-
bining a black pigment with a textile material to form the
black pigment-doped textile material, wherein the black
pigment-doped textile material has a reflectivity toward near
infrared electromagnetic radiation having a wavelength
from 800 nm to 2500 nm of greater than or equal to 12%, the
black pigment-doped textile material has a retlectivity
toward visible light having a wavelength from 350 nm to
750 nm of less than or equal to 10%, and the black
pigment-doped textile material has a blackness (M,,) from
125 to 163.
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A twenty-first aspect includes the method of the twentieth
aspect, further comprising extruding the black pigment-

doped textile material, thereby producing the composite
material fiber.

A twenty-second aspect includes the method of any one of
the twentieth or twenty-first aspects, wherein the extruding,
comprises heating the black pigment-doped textile material
mixture to a softeming point of the textile material and
drawing the black pigment-doped textile material mixture
through a die.

A twenty-third aspect includes the method of any one of
the twentieth to twenty-second aspects, wherein the extrud-
ing comprises heating the black pigment-doped textile mate-
rial mixture to a melting point of the textile material and
drawing the black pigment-doped textile material mixture
through a die.

A twenty-fourth aspect includes the method of any one of
the twentieth to twenty-third aspects, wherein the extruding,
comprises drawing the black pigment-doped textile material
mixture through a spinneret, thereby producing filaments of
the composite material fiber.

A twenty-1ifth aspect includes the method of any one of
the twentieth to twenty-fourth aspects, wherein the black
pigment 1s CuO having an average particle size of less than
or equal to 5 microns.

A twenty-sixth aspect includes the method of any one of
the twenty-first to twenty-fifth aspects, wherein the compos-
ite material fiber has a color with a lightness 1n CIELAB
color space L* less than or equal to 40.

A twenty-seventh aspect includes fabric comprising the
composite material of any one of the first to thirteenth
aspects.

A twenty-eighth aspect includes the fabric of the twenty-
seventh aspect wherein the black pigment 1s CuO having an
average particle size of less than or equal to 5 microns.

These and additional features provided by the embodi-
ments described herein will be more fully understood in
view of the following detailed description in conjunction
with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments set forth in the drawings are illustrative
and exemplary 1n nature and not intended to limait the subject
matter defined by the claims. The following detailed descrip-
tion of the 1llustrative embodiments can be understood when
read in conjunction with the following drawings, where like
structure 1s 1ndicated with like reference numerals and 1n
which:

FIG. 1A graphically depicts the reflectivity versus wave-
length of electromagnetic radiation for conventional colo-
rants;

FIG. 1B graphically depicts the reflectivity versus wave-
length of electromagnetic radiation for colorants according
to embodiments disclosed and described herein;

FIG. 2 1s a bar graph depicting the blackness of commer-
cially available matenals;

FIG. 3 1s a graph depicting the reflectivity ol commaer-
cially available black polyester;

FIG. 4A 1s a graph depicting the reflectivity at electro-
magnetic radiation wavelengths from about 250 nm to about
2500 nm of polyester at different levels LiDAR-reflecting
CuO nanoparticle doping;

FIG. 4B 1s a bar graph depicting the reflectivity at an
clectromagnetic radiation wavelength of 910 nm of polyes-
ter with different levels of LiDAR-reflecting CuO nanopar-
ticle doping;
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FIG. 5A 1s a graph depicting the reflectivity at electro-
magnetic radiation wavelengths from about 250 nm to about
2500 nm of polyester doped with 0.5 mass % LiDAR-
reflecting CuO nanoparticles at different levels of carbon
black doping; and

FIG. 5B 1s a bar graph depicting the reflectivity at an
clectromagnetic radiation wavelength of 910 nm of polyes-
ter doped with 0.5 mass % LiDAR-reflecting CuO nanopar-
ticles at different levels of carbon black doping.

DETAILED DESCRIPTION

Embodiments disclosed herein are directed to LiDAR
reflective dark-colored fabric. Such LiDAR retlective fabric
may be formed from fibers made from textile polymers
doped with a black pigment. The LiDAR reflective dark-
colored fabric has a reflectivity toward near infrared elec-
tromagnetic radiation having a wavelength from 800 nm to
2500 nm of greater than or equal to 12% and a reflectivity
toward visible light having a wavelength from 350 nm to
750 nm of less than or equal to 10%.

As used herein, the term “doped” means that a small
amount of a substance (e.g. a black pigment; may be referred
to as a “dopant” herein) has been added to another material
(e.g., libers made from textile polymers). In this context, the
term “a small amount™ refers to at most 5 wt % of the dopant
by mass.

As used herein, the term “near-IR electromagnetic radia-
tion” refers to electromagnetic radiation with wavelengths
between and 1including 800 nm and 2500 nm, and “LiDAR”
refers to electromagnetic radiation with wavelengths
between and including 905 nm to 1550 nm.

As used herein, the term ““visible spectrum” or “visible
light” refers to electromagnetic radiation with wavelengths
between and including 330 nm and 750 nm.

As used herein, the term “blackness”™ or “M,” refers to an
experimentally determined property of a material related to
the material’s ability to absorb light. The degree of black-
ness of the painted samples was evaluated by X-Rite C17600
benchtop spectrophotometer (USA, X-Rite) based on the
reference provided (i.e. carbon black). It 1s based on the
known formula, seen below, where My 1s measured under

D65/10° conditions.

My=100 log(¥n/Y)

As used herein, the term “reflectivity” refers to a property
of a material related to the matenal’s ability to reflect
clectromagnetic radiation. Reflectivity 1s measured quanti-
tatively from calibrated analysis of retlection data collected
using a UV-visible light spectrometer.

As used herein, the term “particle size” refers to a value
of at least one dimension of a particle, or when referring to
a sample of more than one particle, an average value for the
at least one dimension over the sample population of par-
ticles. Particle size 1s measured by scanning electron micros-
copy and transition electron microscopy.

As used herein, the term “CIELAB color space” 1s a
color-opponent space with dimension L* for lightness and
a* and b* for the color-opponent dimensions, based on
nonlinearly compressed CIE space XYZ color space coor-
dinates. The a* axis 1s perpendicular to the b* axis and forms
the chromaticity plane, the L* axis 1s perpendicular to the
chromaticity plane, and the L* axis in combination with the
a* and b* axes provide a complete description of the color
attributes of an object such as purity, hue and brightness.
Using layman’s terms, a highly colorful stimulus (color) 1s
seen by the human eye as vivid and intense, while a less
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colortul stimulus appears more muted, closer to gray. With
no “colorfulness™ at all, a color 1s a “neutral” gray, and an
image with no colorfulness 1s typically referred to as an
image 1n grayscale or a grayscale image.

One difliculty 1n forming dark-colored (such as black)
items that reflect L1IDAR or near-IR electromagnetic radia-
tion 1s the close proximity of the wvisible spectrum of
clectromagnetic radiation and near-IR electromagnetic
radiation or LiDAR. Materials that provide a dark color,
such as black, do not reflect electromagnetic radiation within
the visible spectrum of electromagnetic radiation. Such
materials will generally also not reflect electromagnetic
radiation just outside of the visible spectrum of electromag-
netic radiation, such as near-IR and LiDAR. Carbon black 1s
one such matenal that 1s commonly used as a dark pigment
and that does not reflect electromagnetic radiation 1n the
visible spectrum and that also does not reflect near-IR or
L1DAR electromagnetic radiation. Accordingly, a material
that does not reflect electromagnetic radiation within the
visible spectrum but that does reflect near-IR or LiDAR
clectromagnetic radiation 1s required to have a very sharp
increase 1n reflectivity just outside of the visible spectrum of
clectromagnetic radiation.

With reference now to FIG. 1A, the reflectivity of mate-
rials that are commonly used as colorants 1n a various 1tems
are shown. The percentage of 1deal reflectivity 1s presented
along the y-axis of FIG. 1A and the wavelength of the
clectromagnetic radiation 1s provided along the x-axis of
FIG. 1A. The reflectivity of a conventional black colorant,
such as carbon black, 1s shown along the bottom of the
graph. As shown 1n FIG. 1A, the carbon black colorant does
not retlect electromagnetic radiation 1n the visible spectrum
(to the left of the graph). Namely, the retlection of this black
colorant 1s near zero percent within the visible spectrum of
clectromagnetic radiation. This indicates that the colorant
provides a dark, nearly pure black color. However, this
conventional colorant also reflects around zero percent of
clectromagnetic radiation outside of the visible spectrum (to
the right on the graph), such as near-IR electromagnetic
radiation or LiDAR electromagnetic radiation (e.g., from
greater than about 750 nanometers (nm) to about 1550 nm).
Similarly, near the top of the graph 1s shown the reflectivity
of white Ti10,, which 1s used as a conventional white
colorant. As shown 1n FIG. 1A, white T10, retlects near-IR
and L1DAR electromagnetic radiation as shown on the right
side of the graph (e.g., from greater than about 750 nm to
1550 nm) where the reflection of near-IR and LiDAR
clectromagnetic radiation 1s greater than forty percent (at
1550 nm), and around sixty percent (at 905 nm). However,
white T10,, as the name indicates, also retlects electromag-
netic radiation within the visible spectrum. As shown 1n FIG.
1A, white T10, reflects nearly eighty percent of electromag-
netic radiation within the visible spectrum. Accordingly,
neither of these colorants—carbon black or white T10,—are
suitable as a dark-colored particle that also reflects near-1IR
or LIDAR electromagnetic radiation.

FIG. 1B 1s a graph showing the target conditions of a
particle that does not retlect light in the visible spectrum of
clectromagnetic radiation, but that does reflect near-IR and
L1DAR electromagnetic radiation. In FIG. 1B, the percent-
age ol reflectivity 1s measured along the y-axis and the
wavelength of electromagnetic radiation 1s provided along
the x-axis. Along the bottom of the graph 1s shown the
reflectivity of a conventional black colorant, which 1s 1den-
tical to the reflectivity of the conventional black colorant
(such as carbon black) shown 1n FIG. 1A. As shown in FIG.

1B, particles that do not reflect electromagnetic radiation
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6

within the wvisible spectrum and that reflect near-IR and
L1DAR electromagnetic radiation have at least two distinct
regions of reflection. The first region of reflection 1s within
the visible spectrum of electromagnetic radiation, indicated
on the left side of the graph in FIG. 1B. In this region of
reflection, particles that do not reflect electromagnetic radia-
tion within the visible spectrum and that reflect near-IR and
L1DAR eclectromagnetic radiation will behave the same as
conventional black colorants (such as carbon black, as
opposed to white T10,) by not reflecting electromagnetic
radiation within the visible spectrum. As shown 1n FIG. 1B,
particles that do not reflect electromagnetic radiation within
the visible spectrum and that do reflect near-IR and LiDAR
clectromagnetic radiation. However, particles that do not
reflect electromagnetic radiation within the visible spectrum
and that do retlect near-IR and LiDAR electromagnetic
radiation have a second region of retlection that 1s outside of
the visible spectrum of electromagnetic radiation.

The second region of reflection encompasses electromag-
netic radiation with wavelengths including and between 750
nm and 1550 nm (which includes near-IR and LiDAR
clectromagnetic radiation). In the second region of retlec-
tion, the particles that do not retlect electromagnetic radia-
tion within the visible spectrum and that reflect near-IR and
L1DAR electromagnetic radiation perform similarly to white
T10, (as opposed to carbon black), by reflecting a high
amount ol electromagnetic radiation within the second
region of reflection. As shown in FIG. 1B, particles that do
not retlect electromagnetic radiation within the visible spec-
trum and that retlect near-IR and LiDAR electromagnetic
radiation retlect, for example, about sixty percent of LiDAR
clectromagnetic radiation having a wavelength of 905 nm
and reflect greater than forty percent of LiDAR electromag-
netic radiation having a wavelength of 1550 nm. By having
reflectance 1n the second region of retlection that 1s similar
to white T10,, particles can retlect a suflicient amount of
near-IR and LiDAR electromagnetic radiation that the par-
ticles can be detected by LiDAR systems.

FIG. 1B shows the difliculty 1n forming particles that do
not retlect electromagnetic radiation within the visible spec-
trum and that reflect near-IR and LiDAR electromagnetic
radiation. Particularly, FIG. 1B shows a steep increase in
reflectance just outside of the visible spectrum of electro-
magnetic radiation. In embodiments, this steep increase of
reflectance 1s present at a wavelength of electromagnetic
radiation that i1s at or about 905 nm, which 1s a wavelength
of electromagnetic radiation commonly used i LiDAR
systems. As shown in FIG. 1B, the reflectance increases
from about zero percent to nearly sixty percent at a wave-
length of electromagnetic radiation that 1s about 905 nm.
Forming a particle with such a precise and steep increase 1n
reflectance 1s diflicult to achieve and there 1s very little room
for error. For instance, 1f the material reflects too much
clectromagnetic radiation within the visible spectrum, the
appearance of the color will not be pure black, but will have
hints of, for example, red or purple. However, 1f the material
does not retlect a suflicient amount of near-IR or LiDAR
clectromagnetic radiation, the material will not be suitable
for detection by LiDAR systems.

Some materials do not reflect electromagnetic radiation
within much of the visible spectrum and reflect near-IR and
L1DAR electromagnetic radiation; however, these materials
have not been able to reproduce the visible appearance of
carbon black (i.e., having a reflectivity of about zero percent
for electromagnetic radiation within the visible spectrum).

One way of determining this transition of low reflectivity
in the visible spectrum of electromagnetic radiation to high
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reflectivity at near-IR and L1iDAR electromagnetic radiation
1s by evaluating the band gap of a matenal. The band gap
generally refers to the energy diflerence (1n electron volts or
e¢V) between the top of the valence band (VB) and the
bottom of the conduction band (CB). The VB 1s the band of

clectron orbitals that electrons can jump out of, moving into
the CB when excited. The VB i1s the outermost electron
orbital of an atom that electrons can actually occupy. The
band gap 1s the energy required for an electron to move from
the VB to the CB and can be indicative of the electrical
conductivity of the matenial. In optics, the band gap corre-
lates to the threshold where photons can be absorbed by a
maternial. Therefore, the band gap determines what portion of
the electromagnetic spectrum the material can absorb. Gen-
crally, a material with a large band gap will absorb a greater
portion of electromagnetic spectra having a short wave-
length and a material with a small band gap will absorb a
greater portion ol electromagnetic spectra having long
wavelengths. Put differently, a large band gap means that a
lot of energy 1s required to excite valence electrons to the
CB. In contrast, when the valence band and conduction band
overlap as they do in metals, electrons can readily jump
between the two bands, which means that the material 1s
highly conductive. However, 1t has been found that by
manipulating the band gap of a matenal, the types of
clectromagnetic spectra that are absorbed by the matenal
may be controlled. In view of this, materials with bandgap
energy near the L1IDAR detection electromagnetic radiation
wavelength (around 905 nm) or a band gap around 1.37 eV
and sharp transition at the visible edge (around 700 nm) are
promising candidates.

In embodiments, the black pigment may include chro-
mium iron oxide and derivatives thereof. Although chro-
mium 1ron oxide materials can generally reflect near-IR and
L1IDAR celectromagnetic radiation, colorants made from
chromium 1ron oxide materials are generally referred to as
“cool black™ because colorants made from chromium iron
oxide or derivatives thereof have hints of red or blue 1n them.
FIG. 2 1s a bar graph that shows the blackness of various
materials on the y-axis. Blackness 1s measured by X-Rite
Spectrophotometer. At the far left of FIG. 2 1s carbon black,
which 1s the material commonly used as a black colorant, but
carbon black does not reflect near-IR or LiDAR electromag-
netic radiation. As shown in FIG. 2, carbon black has a
blackness of about 165. Materials 1-7 are chromium 1iron
oxide-containing materials that reflect near-IR and LiDAR
clectromagnetic radiation, but as can be seen 1n FIG. 2, these
materials have a blackness that 1s around 142 or less. This
difference 1n blackness 1s notable, as materials 1-7 have tints
of red or blue. Thus, this considerable gap in blackness
between carbon black and materials 1-7 show that materials
1-7 are generally not suitable to be used in applications
where pure black 1s desired, such as, for example, in paint
for automotive applications or i black fabrics.

In embodiments, the black pigment includes copper (1I)
oxide or cupric oxide (CuQ). CuO 1s a common 1norganic
compound that 1s a black-colored solid material 1n its natural
state. However, not all copper oxides have this black color.
Namely, another stable oxide of copper 1s cuprous oxide
(Cu,0) that 1s a red solid 1n 1ts natural state. Without
intending to be bound by any particular theory, it 1s believed
that the oxidation state of the copper atom 1s one factor in the
color of the compound. CuO 1s a product of copper mining
and 1t 1s a precursor to many other copper-containing prod-
ucts and chemical compounds. CuO has been used as a black
pigment 1n certain applications, such as 1n ceramics, glazes,
and the like. However, CuO does not reflect near-IR or
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L1DAR electromagnetic radiation. That 1s, CuO 1n its natural
state behaves much like carbon black in that 1t does not
reflect electromagnetic radiation in the visible spectrum and
it also does not reflect electromagnetic radiation in the
near-IR or LiDAR spectrum. Without being bound to any
particular theory, CuO has a band gap of 2.0 ¢V that and
does not readily reflect electromagnetic radiation in the
near-IR or LiIDAR spectrum. When manipulating CuO to
have a band gap that 1s more amenable to retlecting elec-
tromagnetic radiation i1n the near-IR or LiDAR spectrum, the
color of the CuO degrades to a brownish black.

As noted above, 1tems containing carbon black, exhibit
very low reflection (less than 1%) throughout the visible and
near-IR wavelength, resulting in high blackness value M, ..
Paints with commercial CuO show a higher near-IR retlec-
tivity selectively between wavelengths of electromagnetic
radiation from 900 nm to 1000 nm, but CuO shows distin-
guishable reflection 1n visible wavelengths, particularly 1n
red hue, resulting 1n an obvious brownish tone appearance
with blackness value M, less than 130. On the other hand,
“cool black™ shows strong reflection 1n the deeper end of the
near-IR spectra at electromagnetic radiation wavelengths
greater than 905 nm yet does not sufliciently absorb 1n the
visible wavelengths, with blackness value M, of 125.

Generally, a band gap of from 1.2 €V to 1.8 €V 1s required
for a compound to absorb (1.e., not reflect) electromagnetic
radiation 1n the visible spectrum and reflect electromagnetic
radiation 1n the near-IR and LiDAR spectrum. Without
mamipulation, bulk CuO does not meet these requirements.
Bulk CuO has a reported band gap of 2.0 eV and a blackness
M,, of 120. This band gap 1s outside of the 1.2 eV to 1.8 eV
required to reflect electromagnetic radiation in the near-IR
and L1iDAR spectrum. Further, as noted above with refer-
ence to FIG. 2, a blackness M, of 120 1s significantly lower
than the blackness M, of carbon black. Accordingly, n
embodiments disclosed and described herein, CuO crystal-
lites have sigmificantly reduced particle sizes, thereby result-
ing in a decrease the bandgap and an increase in the
blackness M,, of CuO.

Without being bound by any particular theory, it 1s
believed that a sharp transition of reflectivity (or absor-
bance) between 700 nm wavelength and 905 nm wavelength
clectromagnetic radiation may be attributed to a near unity
ratio of (-=111)/(111) crystal facets and a crystal size around
100 A for the (~111) plane. Such particles appear indistin-
guishable from carbon black and have the same degree of
measured blackness, but these particles show 1500% better
detectability by LiDAR than carbon black.

Methods for making CuO nanoparticles include mechani-
cal methods, such as ball milling, jet milling, or combina-
tions of the two. In embodiments, the CuO nanoparticles
may be formed in accordance with the procedure disclosed
in U.S. Provisional Application No. 63/208,783, entitled
“Materials with High LiDAR Reflectivity,” the entire con-
tent of which 1s incorporated herein. Briefly, the method
includes combining a precipitating agent with a solution
comprising copper nitrate to form a precipitate; drying the
filtered precipitate, thereby obtamning dried precipitate; and
sintering the dried precipitate to form copper oxide crystal-
lites having an average particle size that 1s greater than or
equal to 5 nm and less than or equal to 15 nm. The
precipitating agent 1s selected from the group consisting of
sodium hydroxide, sodium carbonate, ammonium carbon-
ate, and combinations of two or more of these.

In embodiments, CuO crystallites that may be used as a
replacement for carbon black and show superior blackness
in the visible spectrum of electromagnetic radiation while
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also having high reflectivity in near-IR and LiDAR electro-
magnetic radiation wavelengths may be synthesized via a
scalable precipitation-pyrolysis method—with proper selec-
tion 1n precipitating agents at certain concentration ranges—
that 1s followed by a well-defined sintering process. Struc-
tural and chemical composition studies depict the evolution
from precursor to extracted precipitates, and to final CuO
crystallites at various process stages. As referenced above,
two key indicators 1n XRD spectra may be used to guide the
experimental conditions towards the desired crystal struc-
ture and resultant optical contrast in both visible and near-IR.
range.

In embodiment, the CuO crystallites may have an average
particle size that 1s less than or equal to 5.0 um, such as less
han or equal to 4.5 um, less than or equal to 4.0 um, less
nan or equal to 3.5 um, less than or equal to 3.0 um, less
nan or equal to 2.5 um, less than or equal to 2.0 um, less
han or equal to 1.5 um, less than or equal to 1.0 um, less
han or equal to 0.5 um. In such embodiments the CuO
crystallites may have an average particle size that 1s from 0.5
um to 5.0 um, such as from 1.0 um to 5.0 um, from 1.5 um
to 5.0 um, from 2.0 um to 5.0 um, from 2.5 uym to 5.0 um,
from 3.0 um to 5.0 um, from 3.5 um to 3.0 um, from 4.0 um
to 5.0 um, from 4.5 um to 5.0 um, from 0.5 um to 4.5 um,
from 1.0 um to 4.5 um, from 1.5 um to 4.5 um, from 2.0 um
to 4.5 um, from 2.5 pym to 4.5 um, from 3.0 pm to 4.5 um,
from 3.5 um to 4.5 um, from 4.0 um to 4.5 um, from 0.5 um
to 4.0 um, from 1.0 ym to 4.0 um, from 1.5 pm to 4.0 um,
from 2.0 um to 4.0 um, from 2.5 um to 4.0 um, from 3.0 um
to 4.0 um, from 3.5 um to 4.0 um, from 0.5 uym to 3.5 um,
from 1.0 um to 3.5 um, from 1.5 um to 3.5 um, from 2.0 um
to 3.5 um, from 2.5 um to 3.5 wm, from 3.0 um to 3.5 um,
from 0.5 um to 3.0 um, from 1.0 um to 3.0 um, from 1.5 um
to 3.0 um, from 2.0 um to 3.0 um, from 2.5 um to 3.0 um,
from 0.5 um to 2.5 um, from 1.0 um to 2.5 um, from 1.5 um
to 2.5 um, from 2.0 um to 2.5 um, from 0.5 uym to 2.0 um,
from 1.0 um to 2.0 um, from 1.5 um to 2.0 um, from 0.5 um
to 1.5 um, from 1.0 um to 1.5 um, or from 0.5 um to 1.0 um.

In one or more embodiments, the CuO crystallites may
have an average particle size that 1s less than or equal to 50
nm, less than or equal to 45 nm, less than or equal to 40 nm,
less than or equal to 35 nm, less than or equal to 30 nm, less
than or equal to 25 nm, less than or equal to 20 nm, less than
or equal to 15 nm, or even less than or equal to 10 nm. For
instance, the CuO crystallites may have an average particle
size that 1s from 5 nm to 15 nm, such as from 6 nm to 15 nm,
from 7 nm to 15 nm, from 8 nm to 15 nm, from 9 nm to 15
nm, from 10 nm to 15 nm, from 11 nm to 15 nm, from 12
nm to 15 nm, from 13 nm to 15 nm, from 14 nm to 15 nm,
from 5 nm to 14 nm, from 6 nm to 14 nm, from 7 nm to 14
nm, from 8 nm to 14 nm, from 9 nm to 14 nm, from 10 nm
to 14 nm, from 11 nm to 14 nm, from 12 nm to 14 nm, from
13 nm to 14 nm, from 5 nm to 13 nm, from 6 nm to 13 nm,
from 7 nm to 13 nm, from 8 nm to 13 nm, from 9 nm to 13
nm, from 10 nm to 13 nm, from 11 nm to 13 nm, from 12
nm to 13 nm, from 5 nm to 12 nm, from 6 nm to 12 nm, from
7 nm to 12 nm, from 8 nm to 12 nm, from 9 nm to 12 nm,
from 10 nm to 12 nm, from 11 nm to 12 nm, from 5 nm to
11 nm, from 6 nm to 11 nm, from 7 nm to 11 nm, from 8 nm
to 11 nm, from 9 nm to 11 nm, from 10 nm to 11 nm, from
S nm to 10 nm, from 6 nm to 10 nm, from 7 nm to 10 nm,
from 8 nm to 10 nm, from 9 nm to 10 nm, from S nm to 9
nm, from 6 nm to 9 nm, from 7 nm to 9 nm, from 8 nm to
9 nm, from 5 nm to 8 nm, from 6 nm to 8 nm, from 7 nm
to 8 nm, from 5 nm to 7 nm, from 6 nm to 7 nm, or from 5
nm to 6 nm.
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Without being bound by any particular theory, it 1s
believed that the smaller the average crystal size of the CuO
nanoparticles, the lower the band gap of the CuO nanopar-
ticles will be. Thus, by reducing bulk CuO particles to CuO
nanoparticles according to embodiments disclosed and
described herein, the band gap of the CuO nanoparticles 1s
within the range that will retlect electromagnetic radiation
within the near-IR and LiDAR spectrum. In embodiments,
the band gap, as measured by X-ray photoelectron spectros-
copy (XPS), of the CuO nanoparticles 1s from 1.2 ¢V to 1.8
eV, such as from 1.3 eV to 1.8 eV, from 1.4 eV to 1.8 eV,
from1.5eVto1.8eV, from 1.6 eV to 1.8 eV, from 1.7 eV
to 1.8 eV, 1s from 1.2 eV to 1.7 eV, such as from 1.3 eV to
1.7eV, from 1.4 eV to 1.7 eV, from 1.5 eV to 1.7 eV, from
l.6eVtol.7eV,from1.2eVto1.6eV,suchasirom1.3eV
tol.6eV,from1.4eVtol.6eV,{from1.5eVitol.6eV, {from
1.2eVtol.5eV,suchasfrom1.3eVtol.5eV, from1.4eV
tol.5eV,from 1.2eVtol4eV,suchas from1.3eVtold
eV, or from 1.2 eV to 1.3 eV.

In some embodiments, the black pigment may include the
dark pigment disclosed in U.S. Pat. No. 11,118,062, the
entire content ol which 1s mncorporated by reference herein.
Brietly, the dark pigment 1includes a core layer formed from
a reflecting material; a first layer extending across the core
layer; a second layer extending across the first layer; and a
third layer extending across the second layer. The first layer
may be formed from a first absorber material or a first
dielectric material and have a thickness from about 5 nm to
about 500 nm. The second layer may be formed from a
second absorber material different from the first absorber
material and have a thickness from about 5 nm to about 50
nm. The third layer may be formed from a third absorber
material or a second dielectric material, the third absorber
material being diflerent from the second absorber material,
and the third layer has a thickness from about 5 nm to about
500 nm. The pigment reflects less than 10% of incident
visible electromagnetic radiation for all incident angles of
the visible electromagnetic radiation between and including
0° and 45°. The pigment reflects more than 60% of incident
near-IR  electromagnetic radiation with wavelengths
between and including 850 nm and 950 nm for all incident
angles of the near-IR electromagnetic radiation between and
including 0° and 45°.

In embodiments, the black pigment may be the black T10,
disclosed 1n U.S. Pre-Grant Publication No. 2021/0139713,
the entire content of which 1s incorporated herein by refer-
ence. Black TiO, has a blackness that 1s comparable to the
blackness of carbon black. Further, black TiO, generally
does not show tints of red and brown, and 1s a good
substitute for carbon black. However, standard black T10,
does not retlect near-IR or LiDAR electromagnetic radia-
tion. Moreover, black Ti10, 1s more expensive to prepare
than carbon black because T10, naturally has a white color
and must be treated, such as, for example, through hydro-
genation, to form black Ti0,. White 110, retlects near-IR
and L1IDAR electromagnetic radiation, but when 1t 1s treated
to become black T10, 1t loses its ability to reflect near-IR and
L1IDAR electromagnetic radiation. Accordingly, although
black Ti10O, 1s visibly similar to carbon black in terms of its
blackness, carbon black i1s generally preferred over black
T10,, for these reasons and for economic reasons. However,
white T10, may be converted to black TiO, that does not
reflect electromagnetic radiation within the visible spectrum
and reflects near-IR and LiDAR electromagnetic radiation.
In embodiments, the black TiO, has a crystalline titanium
dioxide core and an amorphous titanium dioxide shell that
encompasses the crystalline titanium dioxide core.
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Regardless of which pigment 1s included in the composite
material, the blackness M, (1.e., a measure ot blackness) of
the black pigment 1s, in embodiments, from 125 to 170, such
as from 130 to 170, from 135 to 170, from 140 to 170, from
145 to 170, from 150 to 170, from 155 to 170, from 160 to
170, from 165 to 170, from 125 to 165, from 130 to 165,
from 135 to 165, from 140 to 165, from 145 to 165, from 150
to 165, from 155 to 165, from 160 to 163, from 125 to 160,
from 130 to 160, from 135 to 160, from 140 to 160, from 145
to 160, from 150 to 160, from 155 to 160, from 125 to 155,
from 130 to 155, from 135 to 155, from 140 to 155, from 145
to 155, from 150 to 155, from 125 to 150, from 130 to 150,
from 135 to 150, from 140 to 150, from 145 to 150, from 125
to 145, from 130 to 145, from 135 to 145, from 140 to 145,
from 125 to 140, from 130 to 140, from 135 to 140, from 125
to 135, from 130 to 135, or from 125 to 130.

In embodiments, the black pigment may have a retlectiv-
ity in the visible spectrum of electromagnetic radiation
(from 350 nm to 750 nm) that 1s less than or equal to 10%,
such as less than or equal to 9%, less than or equal to 8%,
less than or equal to 7%, less than or equal to 6%, less than
or equal to 5%, less than or equal to 4%, less than or equal
to 3%, less than or equal to 2%, less than or equal to 1%, or
less than or equal to 0.5%.

In embodiments, the black pigment may have a retlectiv-
ity 1in the near-IR and LiDAR spectrum of electromagnetic
radiation (from 800 nm to 2500 nm) that 1s greater than or
equal to 10%, such as greater than or equal to 15%, greater
than or equal to 20%, greater than or equal to 25%, greater
than or equal to 30%, or greater than or equal to 35%, greater
than or equal to 40%, greater than or equal to 45%, greater
than or equal to 50%, greater than or equal to 55%, or greater
than or equal to 60%.

The textile material of the composite material 1s not
particularly limited and may refer to any polymer material
used to form a synthetic fiber. Exemplary textile materials
include, but are not limited to, polyamide, polyacrylonitrile,
polyethylene terephthalate (PET), polybutyrate, polyure-
thane, nylon, polyester, and a combination of two or more
thereof.

In embodiments, the fibers made from textile polymers
may be doped with from 0.1% to 5.0% by mass of the black
pigment, such as from 0.5% to 5.0% by mass of the black
pigment, from 1.0% to 5.0% by mass of the black pigment,
from 1.5% to 5.0% by mass of the black pigment, from 2.0%
to 5.0% by mass of the black pigment, from 2.5% to 3.0%
by mass of the black pigment, from 3.0% to 5.0% by mass
of the black pigment, from 3.5% to 5.0% by mass of the
black pigment, from 4.0% to 5.0% by mass of the black
pigment, from 4.5% to 5.0% by mass of the black pigment,
from 0.1% to 4.5% by mass of the black pigment, from 0.5%
to 4.5% by mass of the black pigment, from 1.0% to 4.5%
by mass of the black pigment, from 1.5% to 4.5% by mass
of the black pigment, from 2.0% to 4.5% by mass of the
black pigment, from 2.5% to 4.5% by mass of the black
pigment, from 3.0% to 4.5% by mass of the black pigment,
from 3.5% to 4.5% by mass of the black pigment, from 4.0%
to 4.5% by mass of the black pigment, from 0.1% to 4.0%
by mass of the black pigment, from 0.5% to 4.0% by mass
of the black pigment, from 1.0% to 4.0% by mass of the
black pigment, from 1.5% to 4.0% by mass of the black
pigment, from 2.0% to 4.0% by mass of the black pigment,
from 2.5% to 4.0% by mass of the black pigment, {from 3.0%
to 4.0% by mass of the black pigment, from 3.5% to 4.0%
by mass of the black pigment, from 0.1% to 3.5% by mass
of the black pigment, from 0.5% to 3.5% by mass of the
black pigment, from 1.0% to 3.5% by mass of the black
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pigment, from 1.5% to 3.5% by mass of the black pigment,
from 2.0% to 3.5% by mass of the black pigment, from 2.5%
to 3.5% by mass of the black pigment, from 3.0% to 3.5%
by mass of the black pigment, from 0.1% to 3.0% by mass
of the black pigment, from 0.5% to 3.0% by mass of the
black pigment, from 1.0% to 3.0% by mass of the black
pigment, from 1.5% to 3.0% by mass of the black pigment,
from 2.0% to 3.0% by mass of the black pigment, from 2.5%
to 3.0% by mass of the black pigment, from 0.1% to 2.5%
by mass of the black pigment, from 0.5% to 2.5% by mass
of the black pigment, from 1.0% to 2.5% by mass of the
black pigment, from 1.5% to 2.5% by mass of the black
pigment, from 2.0% to 2.5% by mass of the black pigment,
from 0.1% to 2.0% by mass of the black pigment, from 0.5%
to 2.0% by mass of the black pigment, from 1.0% to 2.0%
by mass of the black pigment, from 1.5% to 2.0% by mass
of the black pigment, from 0.1% to 1.5% by mass of the
black pigment, from 0.5% to 1.5% by mass of the black
pigment, from 1.0% to 1.5% by mass of the black pigment,
from 0.1% to 1.0% by mass of the black pigment, from 0.5%
to 1.0% by mass of the black pigment, or from 0.1% to 0.5%
by mass of the black pigment.

In some embodiments, the composite material may have
a color with a lightness 1n CIELAB color space L* less than
or equal to 40, less than or equal to 35, less than or equal to
30, less than or equal to 25, less than or equal to 20, less than
or equal to 13, less than or equal to 10, less than or equal to
9, less than or equal to 8, less than or equal to 7, less than
or equal to 6, less than or equal to 5, less than or equal to 4,
less than or equal to 3, less than or equal to 2, or even less
than or equal to 1.

Regardless of which pigment 1s included in the composite
material, the blackness M, of the composite material 1s, n
embodiments, from 125 to 165, such as from 130 to 165,
from 135 to 165, from 140 to 165, from 145 to 165, from 150
to 165, from 155 to 165, from 160 to 165, from 125 to 160,
from 130 to 160, from 135 to 160, from 140 to 160, from 145
to 160, from 150 to 160, from 155 to 160, from 125 to 155,
from 130 to 155, from 135 to 155, from 140 to 155, from 145
to 155, from 150 to 155, from 125 to 150, from 130 to 150,
from 135 to 150, from 140 to 150, from 145 to 150, from 125
to 145, from 130 to 145, from 135 to 145, from 140 to 145,
from 125 to 140, from 130 to 140, from 135 to 140, from 125
to 135, from 130 to 135, or from 125 to 130.

In embodiments, the composite material may have a
reflectivity 1n the visible spectrum of electromagnetic radia-
tion (from 3350 nm to 7350 nm) that 1s less than or equal to
10%, such as less than or equal to 9%, less than or equal to
8%, less than or equal to 7%, less than or equal to 6%, less
than or equal to 5%, less than or equal to 4%, less than or
equal to 3%, less than or equal to 2%, less than or equal to
1%, or less than or equal to 0.5%.

In embodiments, the composite material may have a
reflectivity 1n the near-IR and LiDAR spectrum of electro-
magnetic radiation (from 800 nm to 2500 nm) that 1s greater
than or equal to 12%, such as greater than or equal to 15%,
greater than or equal to 20%, greater than or equal to 25%,
greater than or equal to 30%, or greater than or equal to 35%.
In one or more embodiments, the composite material may
have a reflectivity 1n the near-IR and LiDAR spectrum of
clectromagnetic radiation (from 800 nm to 2500 nm) that 1s
greater than or equal to 12% and less than or equal to 30%,
such as greater than or equal to 15% and less than or equal
to 30%, greater than or equal to 20% and less than or equal
to 30%, or greater than or equal to 25% and less than or
equal to 30%, greater than or equal to 12% and less than or
equal to 25%, greater than or equal to 15% and less than or
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equal to 25%, greater than or equal to 20% and
equal to 25%, greater than or equal to 12% and less than or
equal to 20%, greater than or equal to 15% and less than or
equal to 20%, or greater than or equal to 12% and less than
or equal to 15%.

It should be understood that 1n one or more embodiments,
the composite material may mnclude a mixture of LiDAR-
reflective black pigments (such as, for example, CuQO and
black Ti0O,) and other commercially available black pig-
ments (such as, for example, carbon black).

According to some embodiments, a method for making a
composite matenial fiber 1s disclosed. Any of the black
pigments described above may be combined with a textile
material to form a black pigment-doped textile material
mixture. In embodiments, combiming the black pigment with
the textile material may include softening and/or melting the
textile material and mixing in the black pigment. In embodi-
ments, combining the black pigment with the textile material
includes dispersing the black pigment in a solvent and
soaking an already-formed portion of the textile material.
Exemplary solvents include water, methanol, ethanol, pro-

panol, 1so-propanol, pentane, hexane, and heptane.

In embodiments 1n which the textile material 1s softened
and/or melted and then doped with the back pigment, the
resulting black pigment-doped textile material mixture may
then be extruded to produce the composite material fiber. In
embodiments, the extruding may include heating the black
pigment-doped textile material mixture to a softening point
of the textile material and drawing the thus softened black
pigment-doped textile material mixture through a die. In
embodiments, the extruding may include heating the black
pigment-doped textile material mixture to a melting point of
the texfile material and drawing the thus melted black
pigment-doped textile material mixture through a die. In
embodiments, the extruding may include drawing the black
pigment-doped textile material mixture through a spinneret,
thereby producing filaments of the composite material fiber.

In embodiments, the composite material fiber may be
used to make thread or yarn which 1s woven, kmtted, or
otherwise threaded to form a LLIDAR reflective black fabric.
The L1DAR reflective black fabric may be used 1n a number
of applications. One example application of the LiDAR
reflective black fabric 1s incorporation into work clothes and
uniforms for road construction, factory work, warehouse
operation, or any other work setting with autonomous
vehicles and other autonomous equipment that use LiDAR.
Another example application of the LiDAR reflective black
fabric 1s incorporation 1nto exercise clothes, such as running
gear. Still more examples can include outdoors wear like
jackets, coats, parkas, ski pants and snow suits. Additional
uses may be contemplated as the need for LiDAR reflective
clothing will increase as autonomous vehicle become
increasingly prevalent throughout society such as canopies
for baby carriages or umbrellas.

less than or

EXAMPLES

Embodiments will be further clarified by the following
examples.

Example 1—Synthesis

Analytic grade (AR) copper (II) nitrate Cu(NO,),, sodium
hydroxide (NaOH) and sodium carbonate Na,C(Q; obtained
from Sigma Aldrich, and deionized water are used without
any further purification.
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CuO nanoparticles are synthesized by a coprecipitation
method using Na,CO, or NaOH as precipitating agent. In a
typical synthesis, the required amount of Cu(NO,), 1s dis-
solved 1n 300 ml distilled water. A known concentration of
Na,CO,; or NaOH solution 1s added dropwise to the
Cu(NQO,), solution at room temperature with vigorous stir-
ring. Then, the solution 1s stirred for 3 hours and aged
overnight before filtration. After the overnight aging, the
precipitate 1s filtered and washed with 1000 ml of distilled
water. The solid products are then dried at 120° C. overnight
and sintered from 300° C. to 600° C. for 3 hours with a 5°
C./min ramp rate.

Crystallographic information of CuQ nanoparticles 1s
ivestigated using powder X-ray diffraction (XRD, Japan,
Rigaku Miniflex 600) with Cu Ko radiation (A=0.1541 nm).
The average crystallite size t of prepared particles 1s esti-
mated from the measured width of their XRD diffraction
curves using Scherrer’s equation (1)

- kA
~ Bcost

(1)

T

where k 1s a dimensionless shape factor with a value close
to unity, A represents the wavelength of the X-ray radiation,
B is the line broadening at half the maximum intensity
(FWHM), and O 1s the Bragg’s angle.

The CuQ nanoparticles are then combined with a polymer
material, and the mixture 1s heated to at least a softening
pomnt of the polymer material and extruded to produce

filaments for forming composite fibers.

The thus obtained composite fibers are woven 1nto a sheet
of fabric of the composite fibers. Opftical properties of the
fabric are determined using UV/Vis/NIR spectrophotom-
eters (USA Agilent Cary 7000). The bandgap calculation 1s

based on the Kubelka-Munk function F(R_.) which 1s related
to the diffuse reflectance, R_, of the sample by equation (2):

F(R_)=(1-R_)*I2R_, (2)

where R_. 1s the absolute value of reflectance and F(R_) 1s
equivalent to the absorption coefficient. The indirect band-
gap of samples is estimated by plotting (F(R_)hv)®> versus
energy. The linear part of the curve was extrapolated to
(F(R_) hv)*>=0 to obtain the indirect bandgap energy.

The degree of blackness M, of the fabric 1s evaluated by
X-Rite C17600 benchtop spectrophotometer (USA, X-Rite)
and 1s directly related to the reference provided by the
istrument 1n accordance with equation (3):

M =100 log(Y /) (3)

where Y,=100.000 1s one of the CIE White Point values for
D65/10 conditions, and Y 1s one of the CIE tristimulus
values for the sample being measured.

Comparative Example 1

The reflectivity of a commercially available black poly-
ester (Instamorph Plastic manufactured by Sorfeo Inc.) was
measured using a UV-visible light spectrometer. FIG. 3 1s a
graph showing the results of the reflectivity at wavelengths
of electromagnetic radiation ranging from about 250 nm to
about 2500 nm. As shown in FIG. 3, the reflectivity at
electromagnetic radiation wavelengths greater than or equal
to 910 nm 1s less than 3%.

Example 2

A commercially available white polyester (Instamorph
Plastic manufactured by Sorfeo Inc.) was doped with an
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increasing mass percent of CuO nanoparticles synthesized 1in
accordance with Example 1 above. Doping the polyester

was conducted by heating the polyester to above 100° C. and
then mechanically mixing in the CuO powder. The doped
polyester was then allowed to cool back to room tempera-
ture. In particular, seven samples were prepared where the
white polyester was doped with 0.10 mass % CuO nanopar-
ticles, doped with 0.20 mass % CuO nanoparticles, doped
with 0.50 mass % CuO nanoparticles, doped with 1.00 mass
% CuO nanoparticles, doped with 2.00 mass % CuO nan-
oparticles, doped with 3.00 mass % CuO nanoparticles, and
doped with 5.00 mass % CuO nanoparticles.

FIG. 4A 1s a graph showing the reflectivity of these
samples (as well as the undoped commercially available
white polyester) at electromagnetic radiation wavelengths
ranging from about 250 nm to about 2500 nm. As shown in
FIG. 4A, at a CuO nanoparticle doping of 0.10 mass %o, the
reflectivity of the doped polyester 1n the visible electromag-
netic radiation spectrum drops to below 20% (compared to
about 40% for the undoped polyester) while the reflectivity
ol the doped polyester at electromagnetic radiation wave-
lengths from about 900 nm to about 1600 nm 1s above 40%
and retlectivity at electromagnetic radiation wavelengths
from about 1600 nm to about 2200 nm 1s near 20%.
Moreover, at CuO nanoparticle doping of 0.20 mass % or
more, the retlectivity of the doped polyester 1n the visible
clectromagnetic radiation spectrum drops to below 10% (to
about 3%) while the reflectivity of the doped polyester at
clectromagnetic radiation wavelengths from about 900 nm
to about 1600 nm 1s from about 20% to above 40%, and
reflectivity at electromagnetic radiation wavelengths from
about 1600 nm to about 2200 nm 1s above 10% for many
samples.

FIG. 4B 1s a bar graph showing the reflectivity of the
samples at an electromagnetic radiation wavelength of 910
nm. As shown 1n FIG. 4B, the reflectivity 1s very high for the
undoped polyester and the polyester doped with 0.10 mass
% CuO nanoparticles, but these samples reflect a significant
amount ol electromagnetic radiation wavelengths 1n the
visible spectrum. However, polyester samples doped with
0.20 mass % or greater reflect more than 15% of electro-
magnetic radiation at a wavelength of 900 nm and reflect a
small amount of electromagnetic radiation wavelengths 1n
the visible spectrum.

Example 3

A commercially available white polyester (Instamorph
Plastic manufactured by Sorfeo Inc.) was doped with 0.5
mass % of CuO nanoparticles synthesized imn accordance
with Example 1 above. Doping the polyester was conducted
by heating the polyester to above 100° C. and then mechani-
cally mixing 1 the CuO powder. The polyester was then
allowed to cool back to room temperature. To this polyester,
an increasing mass percent of carbon black (Carbon Black
manufactured by Pearl Ex) was added. In particular, five
samples were prepared where the polyester doped with 0.5
mass % CuQO nanoparticles was doped with 0.20 mass %
carbon black, doped with 0.40 mass % carbon black, doped
with 0.60 mass % carbon black, doped with 0.80 mass %
carbon black, and doped with 1.00 mass % carbon black.

FIG. 5A 1s a graph showing the reflectivity of these
samples (as well as the commercially available white poly-
ester doped with 0.5 mass % CuO nanoparticles) at electro-
magnetic radiation wavelengths ranging from about 250 nm
to about 2500 nm. As shown in FIG. 5A, all the samples had
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in the visible spectrum, but the reflectivity of the polyester
at electromagnetic radiation wavelengths from about 900 nm
to about 1600 nm decreased as carbon black was added to
the polyester, with a significant decrease between the 0.20
mass % doping and the 0.40 mass % doping. The samples
doped with more than 0.40 mass % carbon black had very
similar reflectivity at electromagnetic radiation wavelengths
from about 900 nm to about 1600 nm.
FIG. 5B 1s a bar graph showing the retlectivity of the
samples at an electromagnetic radiation wavelength of 910
nm. As shown 1n FIG. 3B, the retlectivity 1s very high for the
polyester doped with 0.5 mass % CuO nanoparticles and no
carbon black. However, the reflectivity at an electromag-
netic radiation wavelength of 910 nm decreased as carbon
black was added to the polyester. The reflectivity at an
clectromagnetic radiation wavelength of 910 nm leveled off
below 20% after 0.6 mass % carbon black loading.
While particular embodiments have been 1llustrated and
described herein, 1t should be understood that various other
changes and modifications may be made without departing
from the spirit and scope of the claimed subject matter.
Moreover, although various aspects of the claimed subject
matter have been described herein, such aspects need not be
utilized in combination. It i1s therefore intended that the
appended claims cover all such changes and modifications
that are within the scope of the claimed subject matter.
What 1s claimed 1s:
1. A composite material comprising:
a black pigment; and
a textile material, wherein
the composite maternal has a reflectivity toward a band of
near inirared electromagnetic radiation within a wave-
length from 800 nm to 2500 nm of greater than or equal
to 12%,

the composite material has a reflectivity toward visible
light having a wavelength from 350 nm to 750 nm of
less than or equal to 10%, and

the composite material has a blackness (M,) from 125 to

165.

2. The composite material of claim 1, wherein the black
pigment comprises a compound selected from the group
consisting of CuQO, T10,, and a combination thereof.

3. The composite material of claim 1, wherein the com-
posite material has a reflectivity toward visible light having
a wavelength from 3350 nm to 750 nm of less than or equal
to 5%.

4. The composite material of claim 1, wherein the com-
posite material has a reflectivity toward visible light having
a wavelength from 350 nm to 750 nm of less than or equal
to 1%.

5. The composite material of claim 1, wherein the com-
posite material has a retlectivity toward near inirared elec-
tromagnetic radiation having a wavelength from 905 nm to
1550 nm of greater than or equal to 12%.

6. The composite material of claim 1, wherein the com-
posite material has a reflectivity toward a band of near
infrared electromagnetic radiation within a wavelength from
800 nm to 2500 nm of greater than or equal to 20%.

7. The composite material of claim 1, wherein the com-
posite material has a blackness (M,) from 130 to 165.

8. The composite material of claim 1, wherein the black
pigment 1s CuO having an average particle size of less than
or equal to 5 microns.

9. The composite material of claim 1, wherein the textile
material 1s a synthetic polymeric composition.

10. The composite material of claim 1, wherein the textile
material 1s selected from the group consisting of polyamide,
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polyacrvlonitrile, polyethylene terephthalate (PET), polybu-
tyrate, polyurethane, nylon, polyester, and a combination of
two or more thereof.

11. The composite material of claim 1, wherein the
composite material has a color with a lightness in CIELAB
color space L* less than or equal to 40.

12. The composite material of claim 1, wherein the
composite material has a color with a lightness in CIELAB
color space L* less than or equal to 10.

13. The composite material of claim 1, wherein the
composite material has a color with a lightness in CIELAB
color space L* less than or equal to 1.

14. A fabric comprising the composite material of claim
1.

15. The fabric of claim 14, wherein the black pigment 1s
CuO having an average particle size of less than or equal to
S microns.

16. A composite material comprising:

CuQO; and

a textile material, wherein

the CuO has an average particle size less than or equal to

5 microns;
the composite material has a color with a lightness 1n
CIELAB color space L* less than or equal to 40; and
the composite material has a reflectivity toward visible
light having a wavelength from 350 nm to 750 nm of
less than or equal to 10%.

17. The composite material of claim 16, wherein the
textile material 1s selected from the group consisting of
polyamide, polyacrylonitrile, polyethylene terephthalate
(PET), polybutyrate, polyurethane, nylon, polyester, and a
combination of two or more thereof.

18. The composite material of claim 16, wherein the
composite material has a color with a lightness in CIELAB
color space L* less than or equal to 10.

19. The composite material of claim 16, wherein the
composite material has a retlectivity toward a band of near
infrared electromagnetic radiation within a wavelength from
800 nm to 2500 nm of greater than or equal to 12%.
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20. The composite material of claim 16, wherein the
composite material has a blackness (M,) tfrom 125 to 165.

21. A method for making a black pigment-doped textile
matenal, the method comprising:

combining a black pigment with a textile material to form

the black pigment-doped textile material, wherein
the black pigment-doped textile material has a reflectivity
toward a band of near infrared electromagnetic radia-
tion within a wavelength from 800 nm to 2500 nm of
greater than or equal to 12%,

the black pigment-doped textile maternial has a reflectivity
toward visible light having a wavelength from 350 nm
to 750 nm of less than or equal to 10%, and

the black pigment-doped textile material has a blackness

(M,) tfrom 125 to 165.

22. The method of claim 21, further comprising extruding,
the black pigment-doped textile material, thereby producing,
a composite material fiber.

23. The method of claam 22, wherein the extruding
comprises heating the black pigment-doped textile material
to a soitening point of the textile material and drawing the
black pigment-doped textile material through a die.

24. The method of claam 22, wherein the extruding
comprises heating the black pigment-doped textile material
to a melting point of the textile material and drawing the
black pigment-doped textile material through a die.

25. The method of claam 22, wherein the extruding
comprises drawing the black pigment-doped textile material
through a spinneret, thereby producing filaments of the
composite material fiber.

26. The method of claim 21, wherein the black pigment 1s
CuO having an average particle size of less than or equal to

S microns.

277. The method of claim 21, wherein the black pigment-
doped textile material has a color with a lightness 1n
CIELAB color space L* less than or equal to 40.

G o e = x
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